To grate a liquid into tiny droplets by its impact on a hydrophobic micro-grid 
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We report on experiments of drop impacting a hydrophobic micro-grid, of typical spacing a few 
tens of pm. Above a threshold in impact speed, liquid emerges to the other side, forming micro- 
droplets of size about that of the grid holes. We propose a method to produce either a mono-disperse 
spray or a single tiny droplet of volume as small as a few picoliters corresponding to a volume division 
of the liquid drop by a factor of up to 10 5 . We also discuss the discrepancy of the measured thresholds 
with that predicted by a balance between inertia and capillarity. 

PACS numbers: 47.55.db; 47.56. +r 



For discrete microfluidics, it is often desired to 
produce smaller and smaller quantities of liquid in 
a controlled fashion. Usual methods are the gener- 
ation of secondary droplets by drop impact [II, [3], the 
breakup-up of shear-flow- mediated ligaments [3J, the 
appliance of intense electric fields to conductive liquids 
[J, or a high-frequency sound wave generated by a 
piezoelectric at the outlet of a nozzle [6] . Here, we pro- 
pose an alternative method: the impact of drops on a 
hydrophobic grid of micron-sized holes (diameter d). 
Figure [1] shows three sequences of such impacts: a few 
tens of /is after the drop impacted the grid, the liquid 
previously lying at the base of the drop is grated over 
and turned into small - quite monodisperse - droplets 
with different spatial distribution. We show that, de- 
spite the violent character of impact leading to com- 
plex flows, the emerging volume depends on the im- 
pact speed in a reproducible way. Understanding the 
basic mechanisms of how the liquid passes through, 
or is retained by, the grid has multiple applications in 
processes such as aerosols or filters. Generally, this 
simple geometry helps to understand how liquid is 
captured by surface tension forces, during its contact 
on a porous solid of more complex shape. 

Previous studies on the impact of drops onto 
holes were carried out by Lorenceau and Quere Q. 
They used single-hole sieve of size ranging from 100 
pm to 1.7 mm, smaller than the capillary length 
= V V/ ' pg. The authors proposed that the thresh- 
old for protruding liquid results in a balance between 
initial liquid inertia and capillarity. Hence, the natu- 
ral control parameter of the experiment is the Weber 
number: We = pU 2 d/(2a), built with the impact ve- 
locity U, the typical size of the hole d, the surface 
tension a and density p of the liquid. Due to the low- 
viscosity liquid we used (water), the Reynolds number 
is between 10 and 200: retention forces opposing liquid 
entry are mostly due to capillarity Q. However, we 
evidence that the impact on a network of holes leads to 
collective effects which contrasts from the single hole 
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FIG. 1: Successive shots showing the impact of a water 
drop for different grids and impact velocity U. (a) U = 
1.60 m/s, Grid #2 and the subsequent 'rain' of droplets 
emerging below the grid, (b) A sequence at threshold: 
a single tiny droplet emerges down the grid. U = 1.94 
m/s, Grid #1 inverse, (c) A double-peaked distribution of 
emerging droplets. U = 1.27 m/s, Grid #1. 



case. In short, the threshold for droplet detachment 
below the grid is much smaller than for a single hole. 
Also, the distribution of emerging droplets can show 
peculiar shapes, either single- (Fig. U(a)) or double- 
peaked (Fig. HJ-(c)), suggesting a non-trivial pressure 
profile produced by the impact itself. In this letter, we 
show the results of drop impalement through various 
grids, focussing on the regimes where 1 to about 100 
small droplets emerge. 

We use a dripping faucet that releases a drop 
of water (viscosity v = 1 cSt, a = 0.072 N/m, p= 1 
g/cm 3 ) from a submillimetric nozzle. The diameter 
of the impacting drop D is determined by the capil- 
lary length l c , and is reproducible at D — 2.18 ± 0.05 
mm. The height of fall h prescribes the velocity at 
impact, U = (2gh) 1 ' 2 , that can be up to 3 m/s. Us- 
ing backlighting with a high-speed camera at a rate 
of 8600 frames/s, with a resolution of 288x480 pixels, 
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FIG. 2: SEM pictures (top and cross views) of a hydropho- 
bic grid. The trapezoidal holes have d m i n and d ma x respec- 
tively as smaller and larger aperture. 



TABLE I: Dimensions of the different grids, b is the space 
between holes, a is the diameter of the emitted droplets. 



Grid 


Thickness 


drain 


dmax 


b 


a 


number 


t (/im) 


H 


(H 


{fj.ro) 


(Mm) 


1 


49 


22 


93 


117 


36.5 


2 


47 


49 


117 


120 


97.5 


3 


38.5 


38 


91 


121 


69 


4 


56.5 


35 


117 


118 


65 


5 


56 


10 


93 


119 


16.5 



the shape of the interface during the spreading and 
bouncing processes can be determined. The magnifi- 
cation allows for an accuracy of about 8 /xm per pixel. 

The grids were fabricated in a clean room using 
the following process: a 200 nm layer of silicon nitride 
Si T Nj,, deposited with a low-pressure chemical vapor 
deposition (LPVCD) technique, coats both sides of a 
380 /im silicon substrate in a <100> plan oriented. A 
mask made of AZ1518 resin is used to design the grid 
by optical lithography. Then a CHF3/CF4 plasma 
creates grooves at locations where there is no resin, 
and removes the nitride layer at the back face. The 
substrate is rinsed with acetone and ethanol, and the 
resin is removed. The back side of the substrate, kept 
in a KOH bath during about 5 hours, is etched to a 
100 /im layer substrate. Then, the whole substrate 
is thinned to 50 /im in the same bath. The etching 
following the <111> oriented plan, is anisotropic and 
produces holes with trapezoidal shape. Finally, a hy- 
drophobic coating on the overall surface of the grid 
is achieved using C^Fg plasma deposition. A typi- 
cal resulting grid is shown in Fig. [2] Grid sizes are 
summarised in Table HI The interplay between the 
texture and the hydrophobic coating makes the grid 
highly water repellent: a drop sits on the grids with 
a spherical shape, rolling on with almost no friction. 
Despite their thickness, the grids were stiff enough not 
to be bent significantly during impact. 

The trapezoidal shape of the holes allows for 
testing the grids in both direct - where the drop im- 
pacts the widest apertures of the holes (d ma x) and in- 
verse configurations. Careful observations reveal that 



within the accuracy allowed by our visualisations, the 
detached droplets are all about the same size, hence 
constituting a monodisperse spray. Also, they are of 
same size for both direct and inverse impact config- 
urations and do not depend on the Weber number. 
However, their size is strongly related to the smaller 
dimension of the trapezoidal holes d m in- For instance, 
we obtained the tiniest droplets with grid #5 which 
gave a diameter of 16 /im corresponding to a vol- 
ume of about 2 pi. The mechanism invoked for the 
droplets formation is the following: the liquid enter- 
ing the holes, emerges at the other side in the form of 
tiny jets of diameter equal to about d m i n . These jets 
are subject to the Rayleigh-Plateau (RP) instability 
that pinches them off into droplets Q . For such tiny 
jets, the pinch-off is so fast that the liquid cylinder 
breaks-up before developing. The volume of a sin- 
gle droplet is equal to that contained in a cylinder of 
diameter d m i n and of length d m i n n^/2 corresponding 
to the most amplified wavelength of the RP instabil- 
ity Q. Hence, the diameter of the emitted droplets 
a = (37TV2/2) 1 / 3 x d rnin ~ 1.88 x d mm . This is indeed 
close to what is experimentally measured, as a is found 
to be equal to 1.65 to 1.99 times d m i n . Consequently, 
we take d = d m i n in the definition of We. 

Figure [3] shows the number of emerging droplets 
versus the We, for 5 different grids, and for direct 

(a) and inverse (b) configurations. The general trend 
is an increase in droplets number at larger We. An 
increase of initial kinetic energy leads to a larger final 
capillary surface energy, hence to a larger number of 
droplets. We also studied the threshold We for which 
a single droplet emerges from the grid (see Fig. [1} 

(b) ). Despite the singular and unpredictable dynamics 
generally observed at impact [J Q , the threshold is 
well reproducible. The values of threshold We for the 
five grids are plotted in Fig. [4] 

It is noteworthy that the threshold We is smaller 
when d m i n is small, and it is much smaller than those 
measured for a single hole (a value close to 3.9 was 
found in Q). These results suggest that there are col- 
lective effects leading to an additional pressure that 
contributes to make the liquid penetrate more easily 
through the grid. As for impacts on textured sur- 
faces [8], this pressure is due to the shock occurring 
when the liquid experiences a sudden change of its 
momentum. In the present case, the relative contri- 
bution of this additional pressure is larger for smaller 
holes. Hence, it is natural to interpret this effect as 
a sort of water hammer pressure: this effect is more 
prominent if more liquid is forced to change direction, 
hence if the relative area of the holes on the impact 
surface is small. This is what is shown in Fig. [5] The 
threshold We, decreasing when the relative contribu- 
tion of the additionnal pressure is larger, is plotted 
versus the relative area of the holes d min jd\ {dh is 
the distance between two holes centers). The water 
hammer pressure is of the same order as the dynami- 
cal pressure Pdyn — l/2pU 2 and the capillary pressure 
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the inverse configuration than in the direct one, for a 
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FIG. 4: Weber number at threshold for direct (Left) and 
inverse (Right) impact configurations. 
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FIG. 5: Threshold We versus relative area of the holes. 



FIG. 3: Number of emerging droplets for direct (Top) and 
inverse (Bottom) impact configurations. 



Pcap = v/dmin, but it is not necessary homogeneously 
distributed on the impact surface. This leads to sur- 
prising effects like that depicted in Fig.[T]-(c): there is 
a remarkable absence of droplets at the centre of im- 
pact. Most droplets emerge away from the centre, on 
the contrary to Fig.[T]-(a) where more droplets emerge 
(with a larger velocity) at the centre. The latter case 
corresponds to the most porous grid. The double-peak 
is reminiscent to what is recently predicted by Mandrc 
et al. [HI for an impact on a solid surface. Figure [4] 
also reveals that the threshold We is always larger in 



given grid: this is to be related to recent observations 
and explanation that texture with re-entrant shape - 
like in our grids in inverse configurations - pro vides a 
good protection against liquid impalement [12j. 

In summary, our experiments showed an origi- 
nal way to produce a monodisperse spray of droplets, 
which size is governed by the smallest size of an in- 
dividual hole. This simple system is useful to un- 
derstand the impalement of drops on textured sur- 
faces [lO]. For droplet manipulations on frictionless 
surfaces, our grids constitute bottomless substrates, 
which can be an asset for reverting the impalement 
transition (Wenzel-to-Cassie state [TT|), something 
that is not possible with usual textured surfaces. 
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